Abstract -Stream restoration is an important process affecting the ecological health of stream ecosystems. There have been numerous cases of restoration, dealing with either structural or biological changes. In Korea, most restoration projects have merely dealt with improving hydrological characteristics or water quality; however, in recent years the improvement of ecological characteristics has been an increasing focus for restoration projects. In this study, we utilized data collected from 5675 stream sites in May 2007 to discover general patterns of anthropogenic modification in Korean streams. The survey results after application of the stream modification index (SMI; presence or absence type; high scores indicate more disturbed) provided a general distribution of disturbed/undisturbed streams or rivers in the watershed. We then compared the level of modification with the socio-geographical patterns (population, land coverage, elevation, and slope) for the watershed. The results show that streams in highly populated areas suffered from human modification compared with other well-preserved stream sites. In metropolitan cities, urbanized areas had positive relationship as identified by a high SMI. On the other hand, agricultural land cover identified an SMI increase for lowland river area. In general, mountainous streams possessed a better status in stream morphology due to different land-cover patterns (i.e., mainly forested area); however, some mountainous areas were impacted by concentrated summer rainfall. We could distinguish the forcing variables (i.e., land use pattern) for the disturbed streams through a comparison between the SMI and geographical information; the SMI application was able to identify areas of high necessity for restoration.
Introduction
Ecological restoration can be defined as the return of an ecosystem to a close approximation of its condition prior to disturbance, and should be a holistic process that is not achieved through the isolated manipulation of individual elements (National Research Council, 1992) . The objective of stream and river restoration is to remove current anthropogenic disturbance factors from the systems and create more natural stream systems that integrate every component (e.g., habitat and biological entities) within the watershed. There are various types of disturbance observed in stream systems such as levee and dike strengthening and improvements, channelization, water quality deterioration caused by the increase of artificial structures in the catchment, etc. (Jeong et al., 2010a) . The modification of habitat including streams brings out not only the degradation of the landscape but also the loss or degradation of natural habitat characteristics leading to a decrease in biodiversity (Mucher et al., 2009; Utz et al., 2009) . Therefore, a stream restoration project is not merely recovering or recreating previous physical structure according to societal requests, but must consider ecological integration residing in the recovered structure. Ecological restoration is the re-establishment of processes, functions, and related biological, chemical, and physical linkages between ecosystems; it is the act of repairing damage resulting from human activities (Kauffman et al., 1997) .
Stream restoration has to be comprehensive in ecological concept and requires understanding of the wider ecological space. Kauffman et al. (1997) insisted that stream restoration needs to be implemented at landscape or watershed perspectives, and emphasizing in-stream components (e.g., water channel recovery) is not recommended. A comprehensive literature review provided by Roni et al. (2002) showed that many stream restoration projects focused on specific site recovery, and they also suggested figuring out ecological processes in the watershed and ensuring connectivity between the specific sites for restoration and watershed to increase efficiency of restoration. Therefore, the connection between the watershed and streams is the most important, and the information for priority determination of stream restoration in watershed has to consider this harmony. From this point of view, pattern discovery at the catchment or regional level should occur prior to in-depth investigation with regard to those structural characteristics, to figure out the priority of restoration in a country or region. Usually, this necessity would be expressed by increasing habitat diversity, removing artificial structures, or reviving connectivity between streams and land. Patterns found during the regional search will provide guidance for detecting those areas with the highest priority of restoration.
River systems in Korea are good examples from the viewpoint of surveying present disturbances in stream ecosystems. Large dams are manipulating the water flow in the rivers, and even estuarine barrages are controlling water flow and saline intrusion, which result in division of brackish area into fresh and seawater areas (Joo et al., 1997) . The levee was strengthened due to tight land use pattern, and stream systems have been seriously controlled especially for water flow management (Korea Environment Institute, 2008) . Since 1960s, the Korean government determined water management policy on the increase of productivity, recognizing streams not for habitat but for water pathway, and numerous streams were physically modified (Son and Jeon, 2003) . In recent decades, this understanding has changed, and restoration and conservation of stream habitats is actively being undertaken. The restoration project implemented by the government, named the Four Rivers Restoration Project, is a good example in Korean stream ecosystem restoration activity.
Some indexing protocols have been proposed considering either biological or morphological characteristics of stream ecosystems since the 1980s (e.g., Karr, 1981; Rankin, 1989; Ladson et al., 1999) . They were widely applied globally, and are currently recognized as appropriate for qualitative evaluation. In Korea, a stream naturalness index system proposed by Cho (1997) was popularly adapted for stream ecosystems, which was to some extent compatible with those worldwide adapted methodologies. Nevertheless, their applicability are excellent, criteria consisting each evaluation parameter are slightly subjective. Therefore, Jeong et al. (2010a) proposed a fast-applicable method with dichotomous parameters to detect artificially modified streams and catchments.
In this study, the stream modification index (SMI) as proposed by Jeong et al. (2010a) was applied to stream ecosystems throughout Korea. Currently, one of the issues in stream environment sciences in Korea is the evaluation of the health of stream ecosystems. This can be directly linked to stream restoration. Therefore, over 5600 stream sites were evaluated using the proposed SMI method, and how stream modification was distributed and what the forcing variables were for the status of stream modification in Korean region are also under discussion.
Methods

Study sites
We established a total of 5675 sites in streams distributed in the four river watersheds (number of sites in each watershed: Han River, 1702 sites; Nakdong River, 1653; Geum River, 1218; Yeongsan-Seomjin Rivers, 1102; Fig. 1 ). We collected the stream information from the Water Management Information System (WAMIS; http:// www.wamis.go.kr) as maintained by the Ministry of Land, Transport and Maritime Affairs (MLTMA) of Korea. WAMIS uses four categories of stream level classification, such as national river (mostly consists of 5th-9th order streams), regional 1st-and 2nd-level streams (1st-7th and 1st-6th orders, respectively), and miscellaneous tiny-scale streams (mostly 1st-3rd order). In this study, all streams and rivers belonged to those categories that were regarded as the survey targets, and mostly the first three categories were observed.
The stream site selection process was as follows (after Jeong et al., 2010a) . The first site in every stream was established 2 km upstream from its estuarine area when it flowed to sea, or from the confluence toward the same-or higher-order streams. The distance between sites was 10 km for both national and regional 1st-level streams, and 5 km for regional 2nd-level streams from the first site of the streams. If the length of a stream was shorter than 5 km, then we established only one site 2 km upstream of the estuarine area or confluent point (mostly for regional 2nd-level streams).
The Korean islands such as Jeju and other small islands distributed around the southwestern coast were not included in the survey because they do not belong to the four major river systems. In addition, some streams, which were close to the border between South and North Korea (which includes the demilitarized zone), were not sampled due to restricted access and security.
Field survey and data preparation SMI is a presence-absence (dichotomous) survey evaluating the degree of artificial modification at study K.-S. Jeong et al.: Ann. Limnol. -Int. J. Lim. 47 (2011) S117-S125 S118 sites (Jeong et al., 2010a) . This tool consists of 12 parameters comprising three factors such as water channel, land use pattern, and levee status ( Table 1 ). The site survey was conducted over a 500 m span, i.e., 250 m up and downstream from the central coordinates of each survey point, respectively. The lateral boundary was 1000 m (500 m distance from each channel edge). We recorded the geographical locations in the WGS84 geographical system to process the survey data into the geographical information system (GIS) database. If sites were covered by road or reclaimed, all modification parameters were marked as 1 because those sites can be recognized as "dead" stream sites from an ecological point of view. We calculated the final score for each site (i.e., the SMI score; maximum 12, minimum 1) by summing the twelve parameters' scores. For detailed information about the SMI system, its application method to study sites, and quality control (QC) programs, readers should consult Jeong et al. (2010a) . The field survey was conducted in May 2007 by 18 teams specialized in freshwater ecology. K.-S. Jeong et al.: Ann. Limnol. -Int. J. Lim. 47 (2011) S117-S125 S119
Analysis using GIS
We used three socio-geographical datasets in the analysis of SMI distribution pattern. First, land coverage database for Korea was obtained from the Korean Ministry of Environment. This database consisted of seven categories (23 sub-categories), of which we utilized two major categories, urbanized and agricultural area, to explore human-involved disturbance of the stream's physical characteristics. For urbanized areas, we used residential and industrial coverage information, and for agricultural information, rice paddy and farmland coverage information was used. The second geographical information dataset was a digital elevation model (DEM) for the investigation of relationship between elevation and SMI score distribution. The third socio-information dataset was human population. The population data were obtained from Statistics Korea, and GIS United Inc., a GIS consulting company in Korea reprocessed this dataset.
In addition to exploring the relationship between SMI and socio-geography, we also considered rainfall distribution over Korea. Daily rainfall data at 76 weather stations, maintained by the Korea Meteorological Administration, were obtained, and we calculated the annual average rainfall amount at those stations. In order to compare rainfall distribution and SMI scores, we applied interpolation by the Kriging method to the 76 annual average rainfall dataset.
We utilized two types of spatial data analysis methods in this study. The first was the creation of a density map to discover the general pattern of SMI score distribution. Stream sites were not evenly distributed in Korea because a larger number of streams were found in mountainous watershed areas; therefore, we used 5 km r 5 km square cells. By means of spatial joining between the square cells and the study sites located within each cell, we calculated the average values of SMI scores of each square cell. This type of work can reduce bias of SMI scores compared with the density of the study sites. These averaged scores were given to the center points of the cells, and we produced a density map of averaged SMI scores. Using this density map, we explored areas containing highly modified streams.
The second spatial analysis was designed to discover significant groups of cells in Korea. A spatial autocorrelation analysis (using Moran's I) was applied to the cell information. In contrast to general statistics, which assume every event to be isolated from each other, each spatial component is believed to be related (Legendre, 1993) . This is the first law of geography, proposed by Waldo Tobler (Tobler, 1970) , described as "Everything is related to everything else, but near things are more related than distant things." Spatial autocorrelation is therefore useful to display correlated components for a space in terms of a certain parameter, which can provide information of clusters (i.e., groups of the components) based on spatial autocorrelation. In this study, we used the averaged SMI scores for the cells during spatial autocorrelation process, and compared them with the density map. This comparison enabled us to discover areas that are significantly correlated in terms of their level of modification or their preservation as identified by their SMI scores. All spatial analysis was implemented under GIS environment based on ArcGIS 9.2. Figure 2 illustrates the number of study sites and square cells according to their SMI scores obtained from field survey. The largest number of study sites had scores of 3 and 4, and there was a distinct increasing tendency in the number of sites as the score increased to 3 or 4 (Fig. 2a) . More than 90% of the study sites had scores of less than 5 (93.9% of total sites). This pattern was similar to the distribution pattern of averaged SMI score in cells (Fig. 2b) .
Results
Distribution patterns of SMI scores
The cells with high SMI scores (i.e., disturbed) were densely distributed in the regions where large metropolitan cities were located (area in orange to red color), while low SMI scores were found in the upper reaches of river systems (area in green color; Fig. 3a) . When we applied spatial autocorrelation to the cell-based SMI spatial database, global Moran's I was 0.299 (Z = 41.78, P< 0.001) which indicated that the cells were strongly clustered according to SMI scores. The application of the results of a local Moran's I analysis is depicted in Figure 3b . Among those areas showing high or low density of SMI scores, the cells located in two metropolitan cities' area (i.e., Seoul and Busan) and the eastern mountainous region had significant autocorrelation with cells close to each other (groups I, IV, and V; Fig. 3a) . Local autocorrelation analysis also provided areas with low SMI scores (i.e., relatively not disturbed), which were located in upper-to-middle reaches of the Han River K.-S. Jeong et al.: Ann. Limnol. -Int. J. Lim. 47 (2011) S117-S125 S120 and the Nakdong River watersheds (groups II and III; Fig. 3a) .
Relationship between human population, rainfall, and SMI Figure 4 illustrates the comparison between average SMI scores for cells, the density of human population, and the annual average rainfall distribution. For those areas showing statistical significance (i.e., groups I-V), there was a positive relationship between human population and the average SMI score (Fig. 4a ). Low population density was found for areas possessing groups II and III, which had relatively low SMI scores. However, areas with strongly disturbed streams (i.e., groups IV and V) were moderately to heavily populated.
Group I (i.e., cells in mountainous area) had relatively high SMI scores even though human population density was not high relative to other groups. Figure 4b is a map of rainfall distribution (average annual rainfall from 2002 to 2007), which might provide evidence for stream disturbance. The area of group I almost overlapped the area with highly concentrated rainfall (i.e., northeastern area). Among the remaining areas with insignificant spatial autocorrelation, streams in western area were relatively modified (Fig. 3) , and the population density was moderately high compared to the other areas with low population densities and low SMI scores.
Detection of area with disturbed streams in Korea
We compared SMI scores, elevation, and land coverage to discover human-induced factors that result in stream modification. Figure 5 provided the density maps of that information, and the land coverage information as well as elevation was differently related to those areas with relatively high SMI scores (solid lined area a-f; Fig. 5a ). Generally, low SMI scores were found in areas with higher elevations, and relatively high SMI scores were detected in lowland areas (Figs. 5a and 5b) . Among the six areas distinguished based on SMI score, the density of urbanized land cover dominated the metropolitan area (Figs. 5c and 5d ), while agricultural impacts were thought to affect stream modification in the southern and western lowland area (areas c-e; Figs. 5e and 5f).
Even though the typical SMI scores were low in streams at higher elevations, the SMI score in the area f was relatively high. The dominant land coverage pattern for this area was farmland (Fig. 5f) , and compared to the aforementioned results (i.e., rainfall distribution), this area was affected by human-induced disturbance and rainfall distribution (Fig. 5f ).
Discussion Human distribution and stream modification in Korea
From the results of this study, it can be summarized that anthropogenic stream modification in Korea is primarily affected by the distribution of human society, which could be translated by land coverage pattern. Stream modification primarily occurred in stream segments or reaches where the surrounding environment has to be protected for human use (e.g., levee construction), water resources have to be stored (e.g., weir installation), or extensive erosion has to be prevented (e.g., water channel modification). Streams in the area with high population density, maintained a set of evenly disturbed stream morphological characters. This was true for metropolitan cities and highly urbanized areas. However, areas where agricultural land coverage was dominant also produced relatively largely disturbed stream conditions.
The relationships between the development and growth of human society, and stream environmental characteristics have been discussed in previous studies. Land use pattern was identified as the main factor determining environments and ecological characters. Strongly developed human society often brought about the gradual expansion of urbanized or agricultural land (Allan et al., 1997) , and human-induced land use patterns resulted in altered hydrology, sediment transport, and even biodiversity, compared with native forests (Allan et al., 2002) . This pattern was also be found in Roth (1994) , who suggested that agricultural area expansion affected habitat quality and biological integration in streams. When we regard the level of stream modification investigated in this study as one component of stream ecosystem degradation, K.-S. Jeong et al.: Ann. Limnol. -Int. J. Lim. 47 (2011) S117-S125 S122 more than 3-fold, and therefore a regional generalization by means of spatial analysis was possible. In addition, the area affected by anthropogenic modification of streams was supported in this study, which can provide basic information for stream restoration projects. Most previous studies that have dealt with land use and stream characteristics were based on geographical information when the studies covered comparatively large areas. Only a few studies have looked at small areas investigating both field status and map-based information. The field survey results of this study were from almost a complete enumeration, and the field information was compared with geography. Therefore, those patterns found in this study can be used to elucidate the previous information on a relatively larger spatial scale. When we apply the SMI system to time-series data, the continuous change in stream status can be determined.
Stream restoration strategy and SMI application
Water resource management in Asia is an important issue because many streams and rivers experience flooding events due to concentrated summer rainfall. Numerous weirs as well as dams have been constructed in this region to provide stable water resources to the basin residents (Tharme, 2003) . In Korea, it has been reported that there are more than 18 000 weirs and dams present in stream systems (Park et al., 1999) , which would provide evidence of the difficulty in water resource management within the country. The other problem caused by the concentrated rainfall is direct damage from flooding. The highest frequency of damage to human society reported in Asia is because of flash floods (Jonkman, 2005) , which often led to levee reinforcement to prevent flood damages (MOE/ NIER, 2008) . The increasing probability of strong floods in the region (Dutta and Herath, 2004; Jeong et al., 2010b; Jeong et al., to appear) might press stream management strategy developers to seriously control water flow against possible damage from flooding. In this point of view, the anthropogenic modification of stream or river shape is inevitable. The Korean government is well aware of the environmental necessity and ecological value of stream restoration. They are collecting large amounts of information regarding the status of disturbed lotic systems via environmental research programs such as the Stream Health Evaluation project, and the Korean National Long-Term Ecological Research program. The information from those projects can redirect the problem of stream and river restoration that the Korean government has adopted: i.e., hydrological efficiency, such as dredging sediment contaminants and installing locks and dams (Joo et al., 2007) . The SMI application in this study can identify those areas where stream morphology requires restoration or rehabilitation. However, the generalization of habitat/stream quality based on the SMI is not supported by local characteristics (Jeong et al., 2010a) ; and therefore an in-depth diagnosis for restoration projects is strongly necessitated.
Stream and river restoration in Korea has to be multidimensional as well as sequential. For the sequential process, removal of the disturbance factor should be followed by active restoration of necessary ecological structure (Kauffman et al., 1997) , and furthermore, continuous monitoring for the effectiveness of restoration has to be implemented that have not been performed in most restoration projects (Selvakumar et al., 2010; Whiteway et al., 2010) . Multi-dimensional restoration planning can be found when observing the biodiversity perspective: i.e., not only biological components but also habitats and connectivity need to be considered simultaneously, and the strategies for restoration or conservation of habitats should be distinguished from each other (Roni et al., 2002) . Palmer et al. (2005) proposed some standards for the assessment of restoration results when focusing on the stakeholders' benefit, the scientific contribution, and the ecological improvement, which will be able to address the advantages and disadvantages for current restoration practices in Korea. The application of SMI to streams investigated in this study at a regular interval will provide useful information for the generalization of regional stream status, from this point of view.
Conclusion
In this study, a total of 5675 stream sites in Korea were surveyed in May 2007 to conduct a comprehensive evaluation of the degree of anthropogenic stream modification. The SMI system was developed for monitoring stream health or habitat naturalness (presence or absence type). The monitoring results provided a general distribution of disturbed/undisturbed streams or rivers in the river basin, and the degree of modification was closely related to socio-geographical patterns. Importantly, highly populated areas were relatively more disturbed compared to other more well-preserved stream sites. In addition, the relationship between stream modification and land coverage pattern was different relative to the locality. In areas where metropolitan cities were located, the urbanized area that had higher SMI scores were more developed. Comparatively, lowland river areas, which are affected by agricultural land cover, also had relatively high SMI scores. Some mountainous areas were believed to be impacted by summer-concentrated rainfall (flooding) even though this area was highly elevated and land cover pattern was different from urbanized or agricultural areas. A simple and fast survey method such as SMI could be used to explore areas that require restoration, and the major influencing factors could be derived from sociogeographical and meteorological information.
